Objective: Silent corticotroph adenomas (SCAs) are rare pituitary tumours immunoreactive for ACTH, but without clinical evidence of Cushing's disease. We characterized SCAs based on clinical, hormonal and molecular data, and compared the characteristics of these tumours with those of macro (MCA)-and micro (mCA)-ACTH adenomas with Cushing's disease. Methods: Fifty ACTH adenomas (14 SCAs, 15 MCAs and 21 mCAs) with complete corresponding clinical, radiological and biochemical data were selected. Histological corticotroph differentiation; immunostaining for ACTH, b-endorphin and b-LPH; and mRNA expression levels of TPIT, POMC, GRa, prohormone convertase 1/3 (PC1/3) and galectin-3 were compared in 21 representative tumours. Results: Despite the absence of clinical hypercortisolism in patients with SCA, elevated plasma ACTH levels that were similar to those associated with mCA were observed. The cortisol/ACTH ratio was similar between SCA and MCA groups and lower than that found with mCA (P!0.05). This dissociation could be explained by lower expression of PC1/3 in SCA and MCA than in mCA (P!0.05). After an i.v. dexamethasone suppression test, ACTH levels were significantly higher in patients with MCA than in those with mCA (P!0.05). Cytological and immunocytochemical analyses as well as mRNA expression levels of TPIT, POMC and GRa confirmed corticotroph differentiation in both mCAs and MCAs and in half of the SCAs, with a strong correlation between TPIT and POMC mRNA expression levels in SCAs (R 2 Z0.72; P!0.01) and in MCAs (R 2 Z0.65; P!0.05). Conclusions: Despite the absence of hypercortisolism, SCAs exhibit histological, biochemical and molecular corticotroph differentiation. SCA and MCA show hormonal and molecular similarities differentiating them from mCA.
Introduction
Corticotroph adenomas, also known as ACTH pituitary adenomas (1) , are usually responsible for the occurrence of Cushing's syndrome characterized by clinical manifestations induced by hypercortisolism such as central obesity, moon face, diabetes, hypertension and osteoporosis. In the majority of cases (80%) (2) , pituitary magnetic resonance imaging (MRI) reveals a microadenoma; yet, macroadenomas, commonly associated with symptoms related to tumour mass, can be found. By contrast, silent ACTH adenomas, also named silent corticotroph adenomas (SCAs), are defined as pituitary tumours without clinical evidence of Cushing's disease (3, 4) . Because of the lack of clinical hypercortisolism together with the presence of symptoms related to tumour mass, biological data are often limited. However, when available, a mild elevation in ACTH levels together with normal cortisol levels has been reported (5) (6) (7) (8) . More specifically, in some cases, basal plasma ACTH levels were shown to be elevated due to the secretion of high-molecular weight ACTH with no apparent biological activity (9) . As such, the incomplete or aberrant processing of proopiomelanocortin (POMC), the large precursor of ACTH, has been suggested to explain the clinical 'silence' of these adenomas. Recently, Tateno et al. (7) , showed a downregulation of POMC and PC1/3 genes in SCAs versus corticotroph adenomas with Cushing's disease. However, in this study, micro (mCA)-and macro (MCA)-ACTH adenomas were analyzed together, and few clinical data were available. The precise mechanisms behind the clinical 'silence' therefore remain unclear.
In this study, we have analyzed and distinguished the clinical, hormonal and molecular characteristics of SCAs and ACTH adenomas with Cushing's disease, differentiating between MCA and mCA. From our results and the data reported in the literature, we define SCAs and report on their cytopathological, clinical and molecular similarities with MCAs.
Patients and methods

Patients and assessments
From our pathological registry of 306 cases of ACTH adenomas operated on at the Hospices Civils de Lyon between 1978 and 2007, we selected 50 patients for whom we had complete clinical, radiological and biochemical data; molecular data were available for 21 tumours for which we had frozen samples.
Clinical presentation as well as pre-and postoperative endocrine status was reviewed for all 50 cases. Preoperative MRI was available for all patients. Tumour size was defined as the largest diameter observed on MRI, and tumour extension and cavernous sinus (CS) invasion were defined according to the Cottier et al. classification (10) .
The diagnosis of Cushing's disease was made based on the signs and symptoms of hypercortisolism, increased ACTH plasma levels and serum and urinary cortisol concentrations, a lack of cortisol diurnal rhythm, escape from cortisol and ACTH suppression on i.v. dexamethasone test (according to (11) ), and the presence of a pituitary tumour on MRI. The diagnosis of SCA was based on the lack of clinical symptoms of hypercortisolism at presentation and the finding of tumoural ACTH immunoreactivity. According to the inclusion criteria, 36 tumours were associated with Cushing's disease (21 mCAs and 15 MCAs), and 14 tumours were classified as SCAs. MCA and mCA were analyzed separately. Clinical findings at presentation are summarized in Table 1 .
Clinical, biochemical and pathological data from the 21 patients for whom frozen tumour samples were available are detailed in Table 2 , allowing a comparison with data obtained from molecular analysis.
Informed consent was obtained from each patient before surgery, and the study was approved by our local ethics committee.
Hormone measurements
Plasma ACTH was measured by immunoradiometric assay using two MABs for human ACTH (1-39) (Brahms ACTH, Berlin, Germany). The detection limit of the assay is 2.5 ng/l, and the normal range of morning ACTH is 14-26 ng/l. Plasma cortisol was measured by a specific in-house RIA (12) . The normal range of morning cortisol is 352-501 nmol/l. Urinary cortisol was measured by a specific in-house RIA (13) following extraction with dichloromethane. The normal range for men is 10-105 nmol/24 h, and for women, it is 15-145 nmol/24 h. An i.v. dexamethasone suppression test was performed as described previously (11) . Dexamethasone (4 mg) was infused intravenously on day 1 between 1100 and 1500 h. Cortisol and ACTH plasma levels were measured at 0800 h on day 1 and then at 1100, 1500, 2000 and 1200 h, and finally at 0800 h on day 2. Morning cortisol and ACTH levels on day 1 and 2 and nadir of cortisol and ACTH levels during the test were taken into account for statistical analysis. Table 2 Clinical and pathological characteristics of the 21 patients with tumours included in the molecular analysis.
Corticotroph differentiation
Histo
ICC (%)
No. ). An initial manual immunostaining using the ACTH, Ki-67 and p53 antibodies was performed at diagnosis, and a second one was done automatically with the same antibodies at the same time for all the tumours using the Benchmark XT, Ventana Medical Systems, Tucson, AZ, USA. To determine Ki-67, p53 and mitotic indexes, we counted cells for ten representative fields per tumour at 400! magnification, with an average count of 5000 nuclei. Ki-67 and p53 labelling was expressed as a maximum percentage, and the mitoses were expressed by their absolute number. For all 50 tumours, the diagnosis of ACTH adenoma was based on the immunostaining with anti-ACTH antibody. By histology, corticotroph differentiation was considered as evident (yes), when the tumour exhibited typical signs of ACTH adenoma, i.e. the tumour consisted of monomorphic round cells arranged diffusely with a sinusoidal pattern around the capillaries. The cells were basophilic and PAS positive, and showed strong immunostaining with anti-cytokeratin m antibody. Corticotroph differentiation was considered as non-detectable by histology (no) when tumour cells were chromophobic and PAS negative, and showed only weak immunostaining with anti-cytokeratin m antibody. The corticotroph differentiation and the immunostaining of the 21 tumours with the corresponding molecular data are detailed in Table 2 .
Molecular analysis
Genetic analysis was performed on the fragments obtained from the 21 frozen tumours. We used q-RT-PCR to detect the expression of the following five genes: POMC, TPIT, GRa, prohormone convertase 1/3 (PC1/3) and galectin-3.
Total RNA was extracted using an RNeasy minikit (Qiagen), and treated with DNAse according to the manufacturer's protocol. Total RNA yield was measured by OD260, with an A260/A280 ratio of 1.9-2.1 indicating a high level of purity. The quality was evaluated on nanochips using the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA).
Total RNA (0.5 mg) was reverse transcribed using MMLV reverse transcriptase (Invitrogen). The cDNA that was synthesized was measured using q-RT-PCR (SYBR Green PCR, LightCycler, Roche Diagnostics) according to the manufacturer's recommendations. The LightCycler experimental run protocol consisted of an initial Taq activation at 95 8C for 10 min followed by 45 cycles of the amplification and quantification program (95 8C for 15 s, 60 8C for 5 s and 72 8C for 10 s, with a single fluorescence measurement). The specificity of each PCR amplification was always analyzed with a melting curve program (69-95 8C), with a heating rate of 0.1 8C per second and continuous fluorescence measurement. Primers were designed with Primer3 software (Whitehead Institute/MIT, USA), and purchased from Eurogentec (Seraing, Belgium). All primers had T m s between 59 and 61 8C, and all products were 100-150 bp in length. The internal standard used to control amplification variations due to differences in the starting mRNA concentration was RPL4 mRNA. The relative mRNA levels for each tissue were computed from the C t values obtained for the gene of interest, the efficiency of the primer set and RPL4 mRNA levels using RealQuant software (Roche).
Statistical analysis
StatView 5.0 software (SAS Institute Inc., Carry, NC, USA) was employed to perform statistical analysis. Data were expressed as meansGS.E.M. Differences between groups were examined for statistical significance using Student's t-test. P values !0.05 were considered statistically significant.
Results
Initial manifestations
The 14 patients making up the SCA group (9 males and 5 females; mean age: 51.6G13.7 years) were diagnosed because of pituitary tumoural symptoms: visual field defect (nZ7), headaches (nZ4) and amenorrhoea/ galactorrhoea (nZ3), tumour apoplexy with extraocular paresis, or rhinorrhoea (nZ1). High blood pressure and obesity were present in three patients within the SCA group, but with an incidence similar to that observed in the general population of the same age and with no other signs suggestive of hypercortisolism (Table 1) .
For 15 patients of the MCA group (5 males and 10 females; mean age: 47.8G15.6 years), the clinical presentation was heterogeneous with 3 patients showing symptoms related to the tumour mass effect and 12 patients presenting typical signs of hypercortisolism that were associated with symptoms related to the tumour mass effect in 2 cases.
The 21 patients with mCA (1 male and 20 females; mean age: 35.9G14.7 years) had clear clinical symptoms of hypercortisolism with weight gain (nZ19), high blood pressure (nZ7), depression (nZ4), diabetes (nZ7), purplish skin striae (nZ10), hirsutism (nZ8) and amenorrhoea (nZ12). These patients were younger than those within the SCA (P!0.05) group. The sex ratio also differed in the mCA group, with only one male, when compared with that of the SCA and MCA groups (P!0.001 and P!0.05 respectively), within which there were as many or more males than females. The main data are presented in Table 1 .
Preoperative hormonal data
Preoperative 0800 h serum cortisol and ACTH concentrations were available for 12 of the 14 SCA patients and for all patients within the MCA and mCA groups (Table 1) . Serum cortisol concentration was normal in all patients within the SCA group. However, despite the lack of signs of clinical and biological hypercortisolism, ACTH concentrations were elevated in all patients within the SCA group for whom data were available (mean: 118.7G226.3 ng/l). Moreover, one patient (patient no. 4 in Table 2 ) presented with strongly elevated ACTH levels associated with low cortisol levels. Because of the severity of the symptoms related to the tumour mass effect together with the absence of signs of hypercortisolism, SCA patients did not undergo a screening test for Cushing's disease. The two patients with incomplete preoperative biochemical data were classified as having SCA because of the data obtained at follow-up. Indeed, one patient presented with a significant postoperative residual tumour with elevated ACTH (52 ng/l) and normal cortisol (302 nmol/l) levels, and the tumour of the other patient recurred 3 years later without clinical hypercortisolism associated with elevated ACTH levels (41 ng/l) yet normal cortisol levels (393 nmol/l).
Patients within the MCA and mCA groups had elevated 0800 h serum cortisol (mean: 802.2 G790.0G343.1 and 652.8G172.1 nmol/l respectively) and ACTH (mean: 162.3G108.5 and 58.0G27.9 ng/l) concentrations. Morning cortisol levels were significantly lower in patients within the SCA group than in those within the mCA (P!0.001) and MCA (P!0.01) groups, with the latter groups showing no difference between them. Morning ACTH levels were significantly lower in the mCA group than in the MCA group (P!0.05), and were higher, though not significantly, in the MCA group than in the SCA group. This observed dissociation between levels of cortisol and ACTH could be assessed by calculating the cortisol/ACTH ratio. This cortisol/ACTH ratio was significantly higher in patients in the mCA group than in those in the SCA and MCA groups (P!0.01) among whom no difference was found (Table 1) .
ACTH and cortisol suppression after the i.v. dexamethasone test and 24-h free urinary cortisol levels were available for all but one patient from the mCA group and only in patients with signs of hypercortisolism at presentation within the MCA group (nZ12). Free urinary cortisol levels were higher, though not significantly, in the MCA group than in the mCA group. Nadir cortisol levels during the i.v. dexamethasone test or cortisol levels after suppression showed no difference between MCA and mCA groups. However, nadir ACTH levels during the i.v. dexamethasone test and ACTH levels after it, were significantly higher in the MCA group (P!0.05) than in the mCA group ( Table 1) .
The 21 tumours with clinical, biochemical, histological and molecular data were representative of the three subgroups of tumours (SCA, MCA and mCA) with similar presentation (sex ratio, age, tumour size, percentage of tumour invasion, cortisol and ACTH secretion, and cortisol/ACTH ratio; Table 2 ).
Pathological and molecular data
All SCAs were found to be macroadenomas with no apparent difference in size compared with MCAs (Table 2) . Invasion was noted in 77.7% of the cases within the SCA group and in 71.4% of the cases within the MCA group. CS invasion and sphenoid sinus (SS) invasion were respectively present in 55.5 and 22.2% of the cases in the SCA group, and in 57.1 and 42.8% of the cases in the MCA group. None of the selected five microadenomas associated with Cushing's disease presented sphenoid sinus or CS invasion.
As shown in Table 2 , all five mCAs harboured a histological and immunocytochemical corticotroph differentiation. Six of seven patients with MCA and five of nine patients with SCA exhibited typical ACTH tumours, one of which was a Crooke's cell subtype (no. 8). Five tumours could not be recognized as ACTH adenomas by histology, and the diagnosis was made based on the systematic immunocytochemical detection of POMC peptides. Except for one tumour (no. 3), all or a majority of cells were positive for the three antibodies against POMC peptides. In two tumours (nos 5 and 9), a focal immunoreactivity for glycoprotein a-subunit was also present. A pituitary apoplexy was observed in one tumour (no. 14). Concerning the proliferative markers, no difference was observed between the three groups. The mitoses were few, except in two patients with mCA. The Ki-67 labelling index was below 3%, even in the carcinoma (no. 11). P53 immunodetection and nuclear atypia were infrequent and observed in all three groups.
Expression profile of genes associated with corticotroph differentiation POMC expression was found in every tumour sample with no expression of any of the other hormone-encoding genes, thus excluding any tissue contamination with normal pituitary. Moreover, TPIT and GRa expression confirmed the corticotroph differentiation in these tumours (Figs 1 and 2) .
The level of mRNA expression of POMC and TPIT in the mCA group was homogeneous, and showed no difference in the overall expression levels found in the two other groups (SCA and MCA). In contrast, expression levels of POMC and TPIT varied greatly within the SCA and MCA groups (Fig. 1A and B) . Interestingly, a significant correlation was found between levels of TPIT and POMC mRNA expression both in SCA (P!0.01, R 2 Z0.72) and in MCA (P!0.05, R 2 Z0.65) (Fig. 1C) , which persisted whether macrocorticotroph adenomas were analyzed alone or together with SCA (MCACSCA, P!0.001; R 2 Z0.60). No correlation was noted in the mCA group; however, the number of tumours may not be enough to draw any conclusion.
Expression profile of genes associated with SCA phenotype We analyzed the mRNA expression of GRa, PC1/3 and galectin-3. No difference was found between the groups in the level of GRa mRNA expression. Levels of PC1/3 and galectin-3 mRNA expression varied greatly in the mCA group, but were consistently higher than that found in all the tumours of the SCA and MCA groups (P!0.05; Fig. 2 ).
Discussion
A clinical description of SCA remains a challenge since this type of tumour is rare and the majority of the patients present with severe tumour mass-related symptoms leading them directly to neurosurgeons with often limited hormonal exploration. For this reason, only 14 of the 69 SCA cases in our pathology database were selected for our study, with the others being excluded because of a lack of hormonal data, and the absence of frozen samples available for molecular analysis. The clinical classification of SCA is also a challenge. Indeed, two of our patients initially classified as having a SCA due to the presence of clinical signs of tumour mass and the absence of typical symptoms of Cushing's disease were misclassified since hormonal data revealed a strong ACTH-dependent hypercortisolism despite the absence of clinical symptoms.
Four major studies have reported a total of 104 patients (6, 8, 14, 15) ; however, the majority of these were concerned to the histological characteristics of SCA, and few data were available on the clinical and hormonal status. Taking into account the data obtained from the literature and our results, we have been able to characterize SCA as a macroadenoma revealed by tumour mass-related symptoms with no clinical signs of hypercortisolism, normal plasma cortisol levels and elevated levels of ACTH, and ACTH or POMC peptide immunostaining. Patients with SCA are more likely to be men and are generally older than those with mCA (16). Baldeweg et al. (15) suggested that certain SCAs may have the potential for ACTH secretion leading to hypercortisolism at later stages of the disease. However, none of the patients included in the previous study had undergone preoperative hormonal evaluation, so the possibility that these patients harboured hormonal abnormalities despite presenting no clinical signs of Cushing's syndrome, as was the case for two of the cases in our cohort, cannot be excluded.
Our results also demonstrate a high degree of similarity between SCA and MCA groups in terms of i) sex ratio and age at diagnosis; ii) the high percentage of invasive tumours and high rate of recurrence (8, (17) (18) (19) (20) ; iii) abnormalities of POMC processing demonstrated by the dissociation between cortisol and ACTH levels associated with low cortisol/ACTH ratio and weak expression of PC1/3; iv) variability of the cytological differentiation, related to the ultrastructural classification into subtypes 1 and 2 (3, 4, 6) , and variability of the immunoreactivity of the three peptides of POMC sometimes observed (indeed, in some tumours, only b-endorphin or b-LPH immunostaining could be found) (21); v) the molecular variability of TPIT and POMC expression found in both groups but with a strong correlation in the expression levels of both genes; and vi) low galectin-3 expression at the mRNA level, previously described at the protein level by immunocytochemistry (22, 23) . These characteristics confirm the similarities between MCA and SCA, and the differences with ACTH microadenomas with Cushing's disease which, in our opinion, should be considered separately from MCAs for all clinical, pathological and molecular analyses. Moreover, analysis of the ACTH and cortisol suppression during an i.v. dexamethasone test confirmed the results published previously (19, 24) , demonstrating that MCAs are often associated with less glucocorticoid suppressibility than the more frequently occurring microadenomas. However, our results demonstrate that this resistance to glucocorticoid suppression could not be explained by the decrease in GRa expression.
The precise mechanisms behind the 'silence' in SCA are not yet clear. The dissociation between cortisol and ACTH levels, confirmed by the cortisol/ACTH ratio that is significantly lower in SCA, could provide an explanation for the 'silence' in SCA than in mCA; however, it does not explain the difference between SCA and MCA, which have the same defect of POMC processing (9, 19, 24, 25) . Although not statistically different in our study, ACTH levels tended to be higher in the MCA group than in the SCA group. We therefore propose that while less active (19, 24) , the ACTH secreted by macroadenomas can induce hypercortisolism when a sufficient level of secretion is obtained by the size of the tumour or its secretory activity. This hypothesis could also explain the occurrence of hypercortisolism at later stages in patients with SCA (15) .
One explanation for this POMC processing impairment is the defect in the expression of PC1/3, a cleaving enzyme responsible for the post-translational processing of POMC into a mature ACTH (1-39) in corticotrophs. Immunohistochemical and RT-PCR studies have already demonstrated a decrease in PC1/3 expression in SCAs than in corticotroph adenomas (26, 27) or non-functioning pituitary adenomas (7, 26, 27) . However, in these rare studies, few SCAs were analyzed, the hormonal data at presentation were sparse, and no distinction was made between micro-or macro-ACTH tumours. Our molecular analyses have demonstrated that the lower cortisol/ACTH ratio found in patients with SCA and MCA is associated with a lower expression of PC1/3.
Since there is no difference in the cortisol/ACTH ratio and PC1/3 expression levels observed between SCA and MCA groups, other mechanisms must be responsible for the higher ACTH secretion among the MCA group than among the SCA group of patients. It has been suggested that SCA could be a less differentiated tumour (7) than MCA or mCA. To analyze the degree of differentiation of the SCA, we studied TPIT, a transcription factor which plays a key role in the corticotroph differentiation (28) , and POMC expression observed in our tumours. A strong correlation was noted between TPIT and POMC expression in macro-ACTH tumours both with (MCA) or without (SCA) signs of hypercortisolism. Compared with those in the MCA or mCA groups, TPIT and POMC expression levels were lower in the SCA group with a histological corticotroph differentiation in five of the nine SCAs. Taken together, these data show that SCAs exhibit different levels of corticotroph differentiation with some being poorly differentiated ACTH tumours.
Other yet unidentified mechanisms associated with the silent phenotype of pituitary ACTH macroadenomas are likely (29) . As published by Tateno et al. (7) our results confirm the absence of a role of GRa expression in this pathogenesis. Recently, Bilodeau et al. (30) demonstrated that Brg1 and HDAC2, proteins implicated in glucocorticoid feedback, may also participate towards the tumourigenesis of pituitary ACTH adenomas (31) . However, no difference has been shown in this respect between SCAs and corticotroph adenomas with Cushing's disease (7) .
Immunohistochemical studies have found high levels of expression of galectin-3 in corticotroph adenomas with Cushing's disease (22, 23) , while SCAs exhibit very focal to null expression of galectin-3, suggesting a functional significance of the absence of galectin-3 expression in SCA. Although galectin-3 has been shown to have many possible functions, a role in hormone secretion has not been reported yet. With respect to our findings, the low levels of expression in SCA and MCA indicate that galectin-3 could be associated with cell differentiation rather than ACTH secretion. Initial studies in pituitary tumours (32) have shown that high expression levels of galectin-3 are associated with tumour aggressiveness, whereas the downregulation of galectin-3 can suppress tumourigenicity (33) . However, the lower expression of galectin-3 in SCA (including one carcinoma) and MCA found in our study does not support a role for galectin-3 in pituitary tumour aggressiveness.
In summary, SCAs are macro-ACTH tumours without clinical signs of hypercortisolism but with elevated ACTH levels and low cortisol/ACTH ratio, which exhibit histological, biochemical and molecular corticotroph differentiation. SCA and MCA show hormonal and molecular similarities differentiating them from mCA, and suggest common pathological pathways which differ from those involved in micro-ACTH tumours.
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